ABSTRACT With the ubiquitous deployment of smartphones worldwide recently, biomedical diagnostic devices based on smartphones are potential to be widely used for smart health management on the Internet of Medical Things (IoMT) applications under point-of-care (PoC) settings. Therefore, this paper introduces one smartphone-based blood lipid data acquisition dongle to monitor blood lipid level, including total cholesterol (TC), triglycerides (TG), and high-density lipoprotein cholesterol (HDL-C), using only a fingertip blood drop for cardiovascular disease management. During detection, a thin photochemical test strip that consists of LEDs and detectors is plugged into the compact dongle, where changed color intensities will indicate the lipid determinant concentration from the measured reflection coefficient of the chromogenic product. Such smartphone-based photochemical blood lipid data acquisition dongle was validated by comparing with a clinical analyzer, and reached a correlation coefficient over 0.903 and averaged coefficient of variation (CV)% of 4.575% for blood lipid measurement of 115 patients. The photochemical dongle is, therefore, promising for the future chronic disease management in the IoMT.
I. INTRODUCTION
Based on the data from World Health Organization (WHO), the top one reason of worldwide death are cardiovascular diseases (CVDs), which cause 17.9 million death every year, and over 75% of them take place in low-resource regions and developing countries [1] . As elevated cholesterol level would increase its deposit on the artery walls, which further blocks the artery and causes atherosclerosis (one kind of CVD), it is therefore necessary to routinely measure so as to monitor the blood lipid/lipoprotein level, such as total Cholesterol (TC), triglycerides (TGs), phospholipids (PLs), Low-density lipoprotein cholesterol (LDL-C) and high-density lipoprotein cholesterol (HDL-C). Thus, efficient cholesterol testing in point-of-care (POC) setting is greatly demanded [2] - [5] .
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Among the conventional methods to measure HDL-C and LDL-C at clinics, one usually performed option is the Friedewald formula calculation [6] . Yet, such an approach is limited due to a large amount of sample waste as well as low accuracy problems. Hence, more direct and convenient blood lipid data acquisition approaches that could reduce the sample transport and assay time are highly desirable.
POC testing requires generally little volume of blood specifically from a fingertip and outcomes are accessible not long after testing, which is exceptionally beneficial in the self-administration of hypercholesterolemia. It is not necessary to transport tests to a hospital which decreases the outcome turnaround time as well as transport costs. In recent years, many POCT biomedical diagnostic frameworks have been proposed [7] - [17] . Various POCT devices for both professional and consumer cholesterol measurements are available [18] , [19] . For example, Cardiocheck PA detects the HDL results depending on a spectrophotometric strategy to mark the color change of the reflected light off an expendable test strip after applying blood test. As one other example, the Cholestech LDX consolidates enzymatic procedure with solid-phase technology to quantify TC, TG, HDL-C, and glucose in serum, plasma, and blood. However, there are still generally few electrochemical biosensors for specific LDL-C and HDL-C measurement.
Recently, with the development and wide distribution of smartphone, POC diagnostic devices based on smartphones for the Internet of Medical Things (IoMT) applications have attracted the attention of many research groups [20] - [22] . Smartphone-based IoMT systems can enable diagnostic detection, data processing, and communication all integrated together in a portable device. For example, A. Ozcan et al. introduced many smartphone-based microscopic imaging platforms for the identification of WBC, RBC, tumor cell, and bacteria with high-resolution [23] - [25] . Based on the colorimetric sensing capability of smartphone, T. S. Park presented one smartphone-based E. coli detection system in rural water using low-cost paper-based microfluidic chip [26] . Su et al. proposed one smartphone-based cell viability biosensor system for low-cost and portable food toxin screening [27] .
With such advantages, we present a smartphone-based photochemical blood lipid data acquisition approach to monitor blood lipid level using only a fingertip blood drop for POC cardiovascular disease management. The dongle is easily connected with smartphone for power supply and data transfer by an On-The-Go (OTG) USB cable. The testing is conducted by plugging into the dongle a compact and disposable photochemical test strip on which a blood sample is firstly dropped. Then the measured color intensities indicating the reflection coefficient of the chromogenic product would show the blood lipid concentration results for TC, TG, VOLUME 7, 2019 and HDL-C. A good agreement was reached by comparing with a clinical analyzer. Therefore, such smartphone-based blood lipid data acquisition dongle is promising for the future chronic disease management in IoMT.
II. METHODS
The proposed smartphone-based photochemical blood lipid data acquisition dongle with the test strip and the corresponding IoMT architecture for blood lipid management is shown in Fig. 1 . The dongle contains three pairs of LEDs-detectors to sense TC, TG and HDL-C in three different channels, respectively. The LEDs will first project light onto the chemical sensing area. After certain reactions are conducted when blood sample is dropped, the corresponding chemical product will be produced to change the reflection of light. Based on the measured reflection intensity change values at the detector, the biomolecular concentration parameters will be obtained and further transferred to the smartphone through the OTG cable. This part can be regarded as the blood lipid function parameter collection layer in the IoMT architecture. The data will be finally uploaded to the cloud for big-data computation and storage. The cloud data can also be accessed by patients and doctors at their respective terminals for smart CVD management. In the following, the detailed photochemical sensing mechanisms for TC, TG, HDL-C together with the LDL-C evaluation method are illustrated.
A. BLOOD LIPID SENSING MECHANISM 1) TC SENSING MECHANISM
In our proposed photochemical dongle, the mechanism to enzymatically sense TC in blood was as follows. At first, the Cholesterol ester from the blood was catalyzed by Cholesterol esterase into free Cholesterol and fatty acid. Then, with the catalysis of cholesterol oxidase, the generated free Cholesterol was further oxidized into 4-Cholesteryl-3-Kestone and H 2 O 2 . After that, the generated H 2 O 2 would react with the chromogenic agent to produce chromogenic product, whose concentration would lead to different reflection coefficients. Hence, the measured intensity changes could show TC concentration.
2) TG SENSING MECHANISM Similar to TC, in the second channel, TG sensing was firstly performed by enzymatically catalyzing it into glycerol and fatty acid using lipoprotein-lipase. After that, the generated glycerol would produce Glycerol-3-PO 4 with the catalysis of glycerol kinase. Then, the Glycerol-3-PO 4 oxidation was conducted to generate Dihydroxy Acetone-PO 4 and H 2 O 2 . The last reaction step is the same as TC sensing, in which the generated H 2 O 2 react with 4AAP/Peroxidase to produce Ethyleniminoquinone, A-139 product. After this, the mechanism of optical detection is similar to that of TC sensing.
For HDL-C, There is no direct way to measure it as a significant intersection exists between proteins and lipids. Therefore, we employed a homogeneous assay to screen the non-HDL lipoproteins with a synthetic polymer and a polyanion. Then, HDL cholesterol would enzymatically react with the cholesterol oxidase to characterize the blood HDL-C. The working mechanism of HDL-C sensor is illustrated below. 
4) LDL-C EVALUATION MECHANISM
Similar to the characterization for HDL-C, no direct LDL-C measurement method exists. One most common evaluation way in POCT is the Friedewald calculation, the working principle of which is based on the following conditions: i) TC was distributed in HDL, LDL, and VLDL, three major parts of lipoprotein.
ii) VLDL includes most of the circulating TGs, thus VLDL-C could be well evaluated based on the total TGs measured (TG/2.2 for mM units).
iii) After that, LDL-C could be calculated as:
LDL-C = TC -HDL-C -TG/2.22 (mmol/L)

B. PHOTOCHEMICAL DONGLE
From the analysis of the working principle above, the reflected light intensity at TC, TG, and HDL-C channel would be measured using a miniaturized optoelectronic circuit inside the dongle, which converts the light to optoelectronic current and finally corresponds to the biosample concentration. As the block diagram is shown in Fig. 2 , the dongle employs an STM32 microcontroller that consists of various functional blocks such as ARM core, ADC, memory, and I/O, for the overall internal and readout circuits control.
Other subsystems include LED driver and opto-detector, temperature sensing block, power management, and OTG USB communication. The photochemically measured results are finally transferred to smartphone through the OTG USB cable and displayed. The smartphone can also upload the data to the cloud server for IoMT health management. The photo and detailed schematic diagram for the proposed smartphone based photochemical dongle with the disposable test strip is shown in Fig. 3 , in which Fig. 3(a) shows the dongle and Fig. 3(b) shows the photochemical test strip. The test strip was fabricated using a slitting machine (Sim-101, Simway Tech, China) and a spotting machine (Sim-001, Simway Tech, China). The basic fabrication flow is as follows. At first, the strip substrate goes into the point machine (Sim-101, Simway Tech, China) for enzyme point with a temperature of 25 ± 2 o C and humidity about 15% -20%. After that, the strip is dried in a tunnel stove (Sim-201, Simway Tech, China) at 37 o C. Then, the strip substrate is cut into single test strips with a cutting machine (Sim-301, Simway Tech, China), which are then stacked with an enzyme layer, diffusion controlling membrane, whole blood separation membrane, and blood diffuse membrane. The (b1) layer in Fig. 2 is for fixing the chromogenic agent that was previously dropped in the working place of the three channels. Then, this layer was baked at 38 o C for about 1 hour in a drying box (Dry-401, Simway Tech, China). When immobilizing the TG oxidase and cholesterol oxidase enzymes, we drop the oxidase solution onto the reaction place of b2 layer and baked it at 48 o C for 30 minutes. Finally, all the b1 to b5 layers were overlapped and clamped to compose the test strip as in Fig. 2 (b) .
As shown in Fig. 2(d) , the temperature sensing block can help keep the temperature conditions strictly fit for biological experiment. It can also help precisely measure the photochemical reactions and obtain reliable results. The OTG cable connects the photochemical dongle with the smartphone to transfer the detected data in real time, which also provides a direct power source for the dongle.
III. RESULTS AND DISCUSSIONS
The performance of the proposed IoMT photochemical blood lipid data acquisition dongle was assessed by comparing with a commercial instrument, Hitachi biochemical analyzer 7080. For sample preparation, we prepared 115 samples from 115 patients of clinical trials with their fingertip and venous blood both used for the experiment, in which the fingertip blood collected by disposable needles was for the comparative test. During the fingertip blood collection, professionals would use two fingertips' volumes when there was not enough blood. Note that we have treated the patients with histories of swelling, paronychia, or skin diseases separately. Meanwhile, corresponding to fingertip blood samples, about 3 mL of venous blood samples were also taken by hospital professionals. For comparative purpose, we extracted the blood serum by centrifuging the sample in 4 o C temperature with a speed of 3000 rpm for 30 minutes and extract the supernatant part in the centrifugation tube.
Based on the measured blood lipid (TC, TG, HDL-C, and LDL-C) evaluation results for 115 patients, we obtained the correlation curves for our proposed photochemical Yet, the use of various samples of blood could introduce other interfering substances, which would cause the variances of reflection coefficients and degrade the testing results of our miniaturized IoMT blood lipid measurement device. However, in spite of such an issue, it is still within the tolerance level.
Next, samples with high (H), middle (M), and low (L) concentration of blood lipid were applied to test the reliability and repeatability of our proposed photochemical dongle represented by CV% (coefficient of variation). These sample tests were repeatedly done for 5 times. As shown in Table 1 , the overall average of CV% was 4.575%, which demonstrated good reliability and reproducibility for the photochemical dongle. In future work, the photochemical test strip structure could be further improved to reduce the testing error.
IV. CONCLUSION
Considering the current cardiovascular diseases problem as the top reason for annual global death and its close relation with cholesterol level, it is very important to improve the diagnosis of cholesterol, especially in POCT. Most existing methods rely on bulky analytical equipment, which is not fit for the future IoMT-based smart health management. Hence, a solution based on the ubiquitous smartphone is promising. Here, we propose a smartphone-based photochemical data acquisition dongle for POCT blood lipid testing using only a drop of fingertip blood. TC, TG, HDL-C, LDL-C results could be obtained with such a device. And compared with a clinical biochemical analyzer, this dongle can reach a large correlation coefficients (0.903) and a total averaged CV% of 4.575%, which demonstrated its accuracy, reliability, and reproducibility in POC blood lipid diagnosis. Therefore, the proposed photochemical dongle is promising for the POC cholesterol diagnostics in the future.
For future work, we plan to further reduce the testing error by improving the test strip structure since the interfering substances in the blood would affect the coefficient of reflection.
